We show that type 0B theory has a classical AdS 5 × S 5 solution and argue that it is stable at the string-theory level for small enough radius. The dual 4-d conformal field theory is the infrared limit of the theory on N electric D3-branes coincident with N magnetic D3-branes. We explicitly construct this SU (N ) × SU (N ) gauge theory with global SO(6) symmetry and verify that the one-loop term in the beta function vanishes exactly, while the two-loop term vanishes in the large N limit. We find that this theory is related by a certain projection to the maximally supersymmetric Yang-Mills theory suggesting its large N conformal invariance to all orders in perturbation theory.
Introduction
In recent papers [1, 2, 3] non-supersymmetric large N gauge theories dual to certain backgrounds of the type 0 string theory [4] were studied. This work was inspired by the recently discovered relations between type II strings and superconformal gauge theories on N coincident D3-branes [5, 6, 7, 8, 9] , and, in particular, by Polyakov's suggestion [10] (building on his earlier work [11] ) that the type 0 string theory in dimensions D ≤ 10 is a natural setting for extending this duality to non-supersymmetric gauge theories.
The type 0 string [4] has world sheet supersymmetry but no space-time supersymmetry. In both type 0A and type 0B theory the fermions are completely projected out of the spectrum. The massless bosonic fields are as in the corresponding type II theory (A or B), but with the doubled set of Ramond-Ramond (R-R) fields. The spectrum of type 0 theory also contains a tachyon, but, as suggested in [10, 1] , its presence does not spoil the application to large N gauge theories. In fact, the tachyon background provides a natural mechanism for breaking the conformal invariance and introducing the renormalization group flow [1, 2, 3] .
In [1] the 3 + 1 dimensional SU (N ) theory coupled to 6 adjoint massless scalars was constructed as the low-energy description of N coincident electric D3-branes. The conjectured dual type 0B background thus carries N units of electric 5-form flux. The set of equations for a background with a 5-form flux follows from the following action:
f (T )F n 1 ...n 5 F n 1 ...n 5 + . . . , (1.1) where g mn is the Einstein-frame metric, m 2 = − 2 α ′ , and [1] f (T ) = 1 + T + O(T 2 ) .
(1.2)
In [1, 2, 3] it was shown that, if the tachyon-R-R field coupling function f (T ) has a minimum, then there exists an asymptotically free type 0 background with the tachyon approximately localized near the minimum. The tachyon background induces a radial variation of the dilaton Φ which has the physical interpretation of renormalization group flow. The Einstein metric is approximately AdS 5 × S 5 , while the effective gauge coupling evolves logarithmically with the scale [2, 3] . In [2, 3] the infrared behavior of the background was also considered. It turns out that there is a fixed point at infinite coupling which, just like the fixed point at zero coupling, is characterized by the AdS 5 × S 5 Einstein frame metric [3] . We argued that there is a renormalization group trajectory extending all the way from the zero coupling fixed point in the UV to the infinite coupling fixed point in the IR. In this paper we instead consider a background of type 0 theory which has exact conformal invariance: in fact, a line of fixed points. The existence of such a background was pointed out already in [1] : it is the near-horizon region of the self-dual 3-brane of type 0B theory which, just as in the type IIB case [12] , turns out to be AdS 5 × S 5 . In the type IIB case the dual gauge theory is N = 4 SYM [7] but in the type 0B case it is different, and its investigation is the main purpose of this paper.
The self-dual 3-brane is constructed by stacking equal numbers N of coincident electric and magnetic 3-branes. We will show that the non-supersymmetric theory on this stack is the SU (N ) × SU (N ) gauge theory coupled to 6 adjoint scalars of the first SU (N ), 6 adjoint scalars of the second SU (N ), and fermions in the bifundamental representations -4 Weyl fermions in the (N, N) and 4 Weyl fermions in the (N, N). We will argue that this theory is conformal in the large N limit. Since it has the maximal global SO(6) invariance, this theory is not of the kind that occurs on the D3-branes of type IIB theory placed at the orbifold singularity of R 6 /Γ [13, 14, 15, 16] (the latter theories are dual to the AdS 5 × S 5 /Γ backgrounds of type IIB theory [14, 15] ). In section 2 we consider the classical equations for a dyonic type 0B 3-brane and find that for equal electric and magnetic charges there is an AdS 5 ×S 5 near-horizon solution. In section 3 we discuss the dual field theory and show that the 1-loop beta function vanishes exactly, while the 2-loop correction vanishes in the large N limit. We further argue that all higher order terms vanish in the large N limit because the field theory can be interpreted as a Z 2 projection of the N = 4 U (2N ) SYM theory by (−1) F combined with a Z 2 gauge group twist. In section 4 we discuss the analogy between this projection and a similar (−1) F projection which connects the type II and type 0 string theories compactified on a circle [4, 17, 18, 19] .
The AdS 5 × S 5 background of type 0B theory
Lets us parametrize the 10-d string-frame and Einstein-frame metric as in [1] (µ = 0, 1, 2, 3 are the 4-d indices)
In terms of these variables the effective action describing radial evolution of the fields corresponding to (1.1) becomes [1]
2)
Here α ′ = 1, and Φ, ξ, η and T are functions of ρ. For the case of the electric 5-form background, it was shown in [1] that h(T ) = Q 2 f −1 (T ), where f (T ) is the tachyon-5-form coupling function (1.2) and Q is the electric charge. Generalizing to the presence of magnetic 5-form charge P is straightforward, and we find that
As in the familiar dilaton-vector coupling case, the potential that originates from the f (T )F 5 F 5 term in the full D = 10 action is invariant under the electro-magnetic duality
The function h(T ) has an extremum at T = T 0 such that f (T 0 ) = Q/P (we assume that f (T ), Q, P are non-negative). For Q = P (∼ N ) we thus get f (T 0 ) = 1 which has a solution T 0 = 0 (cf. (1.2) ). Then the tachyon equation is solved by T = 0, the dilaton equation is solved by Φ = Φ 0 , and the equations for ξ, η are solved by the usual
This is the near-horizon (2Qe Φ 0 ρ ≫ 1) limit of the full 3-brane metric. After the change of variables ρ = u −4 , the AdS 5 × S 5 metric is
The 4-th power of the radius R of the corresponding string-frame metric, i.e. An important issue is that of stability of the background (cf. [20, 21] ). Considering small perturbations of the AdS 5 × S 5 background in the T -direction 1 we learn that they are no longer tachyonic for sufficiently small Qe Φ 0 . Indeed, the leading quadratic terms in the fluctuation of T near T 0 = 0 in the potential U become:
1 The perturbations of the scalar T near T = 0 do not mix with the dilaton-graviton perturbations since the background value of F 2 5 is zero in the self-dual 3-brane case. In general, the mixing of T and the R-R potential C 4 fluctuations is already effectively accounted for in U (see [22] for a discussion of stability of a similar dilaton-vector system in 4 dimensions).
Thus, the background is stable if 16f
More precisely, the stability condition for a scalar field with mass M 2 in AdS 5 space-time with radius R is [20] :
Here the effective mass parameter (measured in the string frame,
, so the stability condition is
Note that, once one is allowed to consider the AdS 5 radius to be of order of √ α ′ , one in principle does not need the f (T ) coupling to achieve the stability of the string tachyon in the AdS 5 × S 5 background. However, the coupling function f (T ) is non-trivial in type 0B theory, and since f ′ (0) = 1 [1] , its contribution to the above condition is considerable.
Explicitly, we get 1 2
YM N , and thus the following stability condition on the 't Hooft coupling: g 2 YM N < 100. The stability is related to the fact that the T = 0 solution is an attractor: a generic solution with T = T (0) at ρ = 0 evolves to the T = 0 solution at large ρ. This is easy to see explicitly, e.g., by approximating f (T ) by e T which is equal to f 2 (T )
2 cosh T which indeed gives a positive shift of the coefficient of the T 2 term in the potential. Let us note in passing that the choice f (T ) = e T , which is in agreement with the perturbation-theory result f 2 (T ) of [1] at small T may have more general significance. It is a natural definition of the R-R -tachyon coupling consistent with the expected electric-magnetic 5-form duality of the type 0B theory. In fact, consideration of the D-brane action couplings in [1] implies that the sign of the tachyon tadpole should be changed when changing from the electric to the magnetic 3-brane. Thus, if we require that under the 5-form duality T → −T , then the R-R -tachyon coupling is fixed to be e T F 5 F 5 . It is not completely clear, however, whether the massless field/tachyon effective action has to be symmetric under the duality. A stability criterion similar to (2.8) was already found in [1] where it was noted that it is opposite to the condition of validity of the gravity (leading order in α ′ ) approximation.
Indeed, based on (2.8) one may hope that the theory is stable for Qe Φ 0 < O(1), but here the curvature of the background is of order 1 in string units and it is not clear a priori whether the effective gravity approximation can be trusted in the first place. We would like to argue, though, that it indeed can be trusted due to the special nature of the AdS 5 × S 5 solution.
As we explained in [1] , the tree-level effective action of the type 0B theory coincides with that of the type IIB theory on the subsector of bosonic fields of the type IIB theory. Since the present self-dual solution has T = 0 and F 5 =F 5 (i.e. the non-vanishing fields belong to the spectrum of type IIB theory), we are in a position to argue that our solution is exact to all orders in α ′ just as it is in type IIB theory [23] . The stability condition is also expected to hold (at least qualitatively) since the higher-order in α ′ corrections to the 2 . In the next section we present a weak-coupling analysis that provides some support for this conclusion.
We conclude that while the flat space vacuum is unstable in type 0 string theory, the AdS 5 × S 5 with self-dual 5-form flux should be a stable background for sufficiently small radius. The R-R charge works to stabilize the tachyon as proposed in [1] . Our conclusions are independent of the details of the tachyon -R-R coupling function f (T ): any function such that f (0) = 1 and f ′ (0) = 1 leads to the stable AdS 5 × S 5 background. These properties of f (T ) are obviously satisfied by (1.2), and therefore our conclusions appear to be robust.
Analysis of the Field Theory
The GSO projections for open strings connecting the D-branes of type 0 theory were considered in [24, 1] . 2 In considering parallel like-charged D-branes we find the same bosonic spectrum as in the corresponding type II theory, but the fermions are excluded. Thus, for N parallel electric D3-branes we get the U (N ) gauge theory coupled to 6 adjoint scalars [1] . Exactly the same theory is found in the case of N parallel magnetic D3-branes. Now we would like to stack N parallel electric and N parallel magnetic D3-branes. The new and somewhat surprising feature is that an open string connecting an electric and a magnetic D3-brane is actually a fermion [24] . It is clear that these fermions will transform in the bifundamental representations of the U (N ) × U (N ). It is remarkable that, although type 0 theory has no fermions in the bulk, they are present on the dyonic D3-brane.
It follows already from the perturbative analysis that a composite 'self-dual' type 0B D3-brane consisting of an electric D3-brane coincident with a magnetic D3-brane has a number of special properties. From the results of [1] one finds that the tachyon tadpole has an opposite sign for the magnetic D3-brane compared to the electric one; therefore 2 Open string descendants of type 0B theory were constructed by orientifold projection in [25] .
the tadpole cancels on the self-dual D3-brane. 3 Also, if one uses the annulus calculations to find the net potential between two such parallel branes by adding up the potentials between constituents, one finds that it vanishes exactly by the abstruse identity. Thus, the self-dual D3-branes behave very much like BPS states even though the type 0 theory has no supersymmetry. The fermionic nature of the strings connecting an electric and a magnetic D3-brane is crucial for this cancellation. The normalization of the fermions in the annulus diagram connecting an electric and a magnetic D3-brane is the same as between two self-dual D3-branes of type IIB theory. In that case the effective field theory is the N = 4 supersymmetric U (2) broken to U (1) × U (1). Each adjoint of U (2) The theory with the field content derived above is quite special. First, it has equal numbers of bosonic and fermionic degrees of freedom, 16N
2 , and thus no induced one-loop cosmological constant or quartic divergence. One also finds that the two coefficients in the (one-loop) gravitational trace anomaly are equal, i.e. there is a single central charge as in the N = 4 SYM theory. As we explain below, the theory is actually a supersymmetry breaking projection of the N = 4 SYM theory. We assume as usual that the U (1) factors decouple in the infrared and consider the SU (N ) × SU (N ) theory with the field content derived above. 4 Based on our conjecture 3 Indeed, the resulting self-dual D3-brane action is then decoupled from the tachyon and from the second R-R potentialC 4 with anti-selfdual F 5 [1] , and so is essentially the same as in type IIB.
In general, the BI part of the action is
where q =q = 1 for the electric, q = −q = 1 for the magnetic and q = 2,q = 0 for the self-dual D3-brane. The coefficient of the tachyon tadpole was found in [1] , and then on reparametrization invariance (and T -duality) grounds one expects that the tachyon function k(T ) = 1+ 1 4 qqT +O(T 2 ) multiplies the − det(G + F ) in the BI action. We have checked this by directly computing the coefficient of the T F αβ F αβ term from the corresponding disk diagram. This calculation was independently carried out in the recent paper [26] where it was also conjectured and then verified that the tachyon coupling function must appear in front of the square root in BI action; in [26] the coefficient of the T 2 term in k(T ) was found to be 3 32 in the electric (q =q = 1) case. 4 Requiring the bosons to belong to the adjoint representation of SU (N ) × SU (N ) while keeping fermions in the bifundamental representations now implies that the number of bosonic and fermionic degrees of freedom match only approximately, in the large N limit.
that this field theory is dual to the AdS 5 × S 5 background of type 0B theory, we expect that it is conformal. Indeed, it is not hard to show that the one-loop beta function cancels. The one-loop coefficient b 1 in a gauge theory with group G coupled to scalars transforming in a representation S and (2-component) Weyl fermions transforming in a representation F is
where T 2 is the Dynkin index of the representation, Tr(T A T B ) = T 2 δ AB . For the adjoint representation of SU (N ) T 2 = C 2 (G) = N, while for the fundamental representation T 2 = 1/2. As far as each SU (N ) is concerned, we have 6 adjoint scalars and 8N fundamental Weyl fermions. It follows from (3.1) that the 1-loop beta function vanishes for each of the two gauge couplings. In fact, we will set the two gauge couplings equal. The two-loop gauge coupling beta function coefficient is [27, 28] 
Here C 2 (R) is the eigenvalue of the quadratic Casimir operatorĈ 
2N
. Y 4 is the contribution of the Yukawa couplings [28] ,
where Y I is the matrix determining the Yukawa terms in the Lagrangian, ΨζY I ΨX I + h.c.,
where ζ = iσ 2 ; Ψ is the full set of 2-component fermions and X is the set of scalars. We are assuming that, as in the N = 4 SYM theory, the Yukawa couplings are equal to the gauge coupling constant. The sums in (3.2) are over irreducible representations. Since the gauge group here is not simple and the fermions are not singlets in both of the groups (and thus 'intertwine' the renormalizations of the two gauge couplings), there is an important subtlety. In general, for a product group with couplings g 1 and g 2 one should make make the replacement [28] :
2 (F ). Since we set g 1 = g 2 = g, the contribution of the term −2 C 2 (F )T 2 (F ) in (3.2) is thus effectively doubled, i.e. it is 2 × 2
× 8N . As a result,
This may be compared with the 2-loop coefficient in the N = 4 SYM theory [27, 29] , where the Yukawa contribution is important for the cancellation,
To compute Y 4 in our case let us specify the structure of the interaction terms in the action more explicitly. We shall assume that, like the N = 4 SYM theory, our theory has a global SU (4) 
and 
As a result, the leading O(N 2 ) term in (3.4) cancels out and we have b 2 = −16. 6 Thus, the theory is 2-loop finite in the large N limit.
In fact, we believe that the non-supersymmetric U (N ) ×U (N ) theory we are considering can obtained from the N = 4 supersymmetric U (2N ) SYM theory by twisting it with (−1) F in a very similar way to how the orbifold Z 2 theory is obtained [13] . The arguments of [16] may then explain why this theory is conformal in the planar limit.
In the orbifold case of [13] the Z 2 reverses the sign of four of the scalar fields X and also of their fermionic partners. If we think of the N = 4 multiplet as an N = 2 vector multiplet plus a hypermultiplet, then the Z 2 reverses the sign of the hypermultiplet fields. Now, break up the 2N × 2N matrices into four N × N blocks. On the diagonal blocks we keep the fields invariant under the Z 2 , i.e. the vector multiplets. On the off-diagonal blocks we keep the non-invariant fields, i.e. the hypermultiplets. This produces the N = 2 supersymmetric U (N ) × U (N ) theory coupled to two bifundamental hypermultiplets [13] .
In effect, we are keeping the fields invariant under the change of sign of the hypermultiplet accompanied by the U (2N ) gauge transformation I which is the conjugation by I 0 0 −I , where I is the N × N identity matrix. , and the trace of its square is again 24. Note that all the Yukawa couplings (involving both sets of the scalar fields) contribute to the renormalization of each of the gauge coupling. Another factor of 2 is related to the 'off-diagonal' structure of the Yukawa matrix.
6 This is similar to what happens in the 'orbifold' field theories of [14, 15, 16] as discussed explicitly at the 2-loop level in [30] .
In our case we take the Z 2 action to be I ·(−1) 
Discussion
One fascinating application of the AdS/CFT correspondence is towards the classification of 4-dimensional conformal gauge theories. For example, interesting large N CFT's with less than maximal supersymmetry are found in the type IIB setting when the S 5 is replaced by orbifolds of S 5 [14, 15] or by other Einstein manifolds [31] . Certain non-supersymmetric large N CFT's whose field theoretic formulation is less transparent were studied in [32] . In this paper we propose another route towards constructing nonsupersymmetric large N CFT's: by looking for dual backgrounds of the type 0B theory. The simplest, and most symmetric, background is AdS 5 ×S 5 . Here we have found the dual gauge theory which implements the corresponding SO(2, 4) × SO(6) symmetry. Just like most non-supersymmetric orbifold CFT's [14, 15, 30] , this theory appears to be conformal only in the large N 't Hooft limit. If N is kept finite then the 2-loop beta function does not cancel exactly. We have shown that our CFT may be obtained by a I · (−1) F projection of the N = 4 SYM theory. The (−1) F projection is related to the general fact that the type 0 theory is a (−1) F orbifold (F is the full space-time fermion number) of the type II theory [4, 17, 18, 19] .
Indeed, the space-time fermions, which are the non-invariant states, are projected out. Thus, it is not too surprising that the self-dual 3-brane of type 0B theory is related by a similar projection to the self-dual 3-brane of type IIB theory. As we have seen, the full Z 2 action on the stack of D3-branes includes also the gauge transformation I.
We have argued that the AdS 5 ×S 5 background, which exists only for a non-vanishing R-R flux, is stable when its radius is of order the string scale or smaller. This suggests that the type 0 theory is not just a formal twisting of type II theory but, in fact, fits naturally into the AdS/CFT duality. Indeed, there is a general relation between type II and type 0 theories which may have new implications in the presence of a (large) number of D-branes or R-R flux. As was pointed out in [18, 19] , compactifying type II theory on a 9-circle and applying the (−1) F projection in combination with (−1) 2πiR 9 P 9 (P 9 is momentum operator) gives a theory which interpolates between the type IIB theory at R 9 → ∞ and the type 0B theory at R 9 → 0. Equivalently, considering type II theory at finite temperature, i.e. compactifying the euclidean time direction with antiperiodic boundary conditions for space-time fermions, one concludes [17] that the type 0 theory is the high temperature limit of the type II theory. Of course, in flat space one expects a
Hagedorn phase transition to take place at the temperature of order the string scale, so that the high-temperature limit is formal. It may be interesting, however, to reexamine the issue of the phase transition for backgrounds with R-R flux.
The relation between the type 0 theory and the thermal type II theory suggests a connection between the type 0 scenario for constructing non-supersymmetric gauge theory and the temperature induced supersymmetry breaking proposed by Witten [33] . However, in [33] the temperature was taken to be much lower than the string scale while in the type 0 setting it is much higher. Nevertheless, there are some similarities between the two approaches which may be pursued further.
Note added:
Using the general expressions [34, 35] here these cancellations happen only to leading order in the large N expansion. 8 A similar conclusion is reached for the Yukawa coupling renormalization. The reason for the breaking of conformal invariance at subleading orders in 1/N can be understood from the string-theory point of view.
9 Type 0 string theory has a nonvanishing partition function on the torus [4] , implying the presence of the string-theory 1-loop cosmological constant in the effective action. The tree-level Einstein frame action S 0 (1.1) should be supplemented by the 1-loop one S 1 = c 1 d 10 x √ −g e 
Note added in proof:
After this paper was completed, Nekrasov and Shatashvili pointed out [36] that the Z 2 operation (−1)
F which changes the sign of all fermion fields is simply the −1 from the center of the SU (4) R-symmetry group. Thus our theory may be viewed as another orbifold of the N = 4 SYM theory by a discrete subgroup of the R-symmetry. In view of the results in [16] , this strengthens the argument that this theory is exactly conformal in the planar limit. A special feature of this particular orbifold field theory is that it cannot be realized on D3-branes of type IIB theory placed at an orbifold singularity of R 6 /Γ.
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